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Both Epstein-Barr viral nuclear antigen 2 (EBNA2) and activated Notch transactivate genes by interacting
with the transcription factor RBP-Jk. The viral protein EBNA2 may hence be regarded as a functional
equivalent of an activated Notch receptor. Until now, nothing has been known about the physiological role of
Notch signaling in B cells. Here we investigated whether activated Notch can induce the same phenotypic
changes as EBNA2 in Burkitt’s lymphoma cells. An estrogen receptor fusion protein of the intracellular part
of mouse Notch 1 (mNotch1-IC), mimicking in the presence of estrogen a constitutively active Notch receptor,
was stably transfected into the Burkitt’s lymphoma cell lines BL41-P3HR1 and HH514. Northern blot analysis
revealed that the LMP2A gene is induced by Notch-IC in the presence of estrogen, whereas increased
expression of LMP1 could be detected only if cycloheximide was simultaneously added. Concerning the cellular
genes regulated by EBNA2, Notch-IC was able to upregulate CD21 but not CD23 expression. Immunoglobulin
m (Igm) expression, which is downregulated by EBNA2, was also negatively regulated by Notch-IC. Similarly
to EBNA2, Notch-IC was able to repress c-myc expression, which is under the control of the immunoglobulin
heavy-chain locus in Burkitt’s lymphoma cells with a t(8;14) translocation. The data show that Notch-IC is able
to participate in gene regulation in B cells.

Epstein-Barr virus (EBV), a human herpesvirus, is associ-
ated with several human malignancies, including Burkitt’s lym-
phoma, nasopharyngeal carcinoma, T-cell lymphoma, gastric
carcinoma, Hodgkin lymphoma, and immunoblastic lymphoma
in immunocompromised individuals. The virus has the ability
to immortalize primary B cells in vitro. In these immortalized
lymphoblastoid cell lines, only a few viral genes are expressed,
coding for six nuclear proteins (EBNA1, EBNA2, EBNA3A,
EBNA3B, EBNA3C, and EBNA-LP) and three latent mem-
brane proteins (LMP1, LMP2A, and LMP2B) (for a review,
see reference 35). Five of the nuclear antigens (EBNA1, -2,
-3A, and -3C seem to be absolutely required for B-cell immor-
talization (10, 23, 32, 68), whereas EBNA-LP and LMP2A
seem to affect the efficiency of the process (6, 23, 47).

EBNA2 plays a pivotal role in B-cell immortalization, since
a natural occurring EBV mutant, the P3HR1 strain, carrying a
deletion of the EBNA2 gene, has lost the ability to transform
primary B cells. Reintroduction of the EBNA2 gene in the viral
genome by homologous recombination or complementa-
tion can restore the immortalizing capacity of the virus (23).
EBNA2 contributes to B-cell immortalization most likely by its
ability to act as transcriptional modulator of cellular and viral
gene expression. It activates the transcription of the B-cell
activation markers CD21 and CD23 (9, 11, 70) and the tyrosine
kinase c-Fgr (37) and downregulates the expression of the
immunoglobulin heavy-chain locus (Igm) (30). In addition,
EBNA2 transactivates the viral promoters of the three latent
membrane proteins LMP1, LMP2A, and LMP2B and the Cp

promoter, which regulates the transcription of the EBNA
genes (17, 64, 75, 76). EBNA2 does not bind to DNA directly
(45, 77) but is recruited to EBNA2-responsive elements by
interacting with the transcriptional factors RBP-Jk (21, 25, 69,
78) and PU.1/Spi-1 (30a, 42). RBP-Jk binding sites are present
in all EBNA2-regulated promoters known so far, whereas
binding of PU.1 could be identified only within the LMP1
promoter. Binding of RBP-Jk is essential but not sufficient to
confer EBNA2 responsiveness to the EBNA2-regulated pro-
moters (49). RBP-Jk was originally purified and characterized
by Matsunami et al. (48) and Hamaguchi et al. (22). The
protein is highly conserved in evolution from nematodes to
humans. In Drosophila, the homologous gene is known as sup-
pressor of hairless (SuH). RBP-Jk/SuH acts downstream of the
receptor Notch. Activation of the Notch receptor by binding of
its ligand Delta, Jagged, or Serrate (in Drosophila) leads to
proteolytic cleavage of the receptor at the inner side of the
membrane (59). The intracellular domain (Notch-IC) is then
translocated to the nucleus, where it activates genes by inter-
acting with RBP-Jk (34, 39, 43, 62). EBNA2 may thus be
regarded as a functional homolog of the activated Notch pro-
tein. In Drosophila, the role of Notch signaling in the develop-
ment of the nervous system has been extensively studied.
Notch signaling plays an important role in cell fate decisions. It
prevents cells from adopting the neural fate and directs them
toward the epidermal fate (24). Notch is expressed throughout
Drosophila development and influences cell fate decision not
only in the nervous system but also in many other tissues
(reviewed in references 2 and 36). Notch signals influence
developmental processes also in vertebrates. Four homologs,
Notch1 (Tan1), Notch2, Notch3, and Notch4 (int3) have been
cloned in mice and humans (16, 41, 57, 72, 73). Notch1 plays an
essential role during embryogenesis, since Notch1-/- mice show
growth retardation at day 9.5 and die before day 11.5 of ges-
tation with widespread cell death (65). Additionally, Notch
signaling is implicated in myogenesis and neurogenesis (13a,
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38, 55). Notch is also believed to play a role in cell type
determination at multiple steps of hematopoietic differentia-
tion. Notch1 is expressed in human bone marrow hematopoi-
etic precursors and may be involved in the renewal and differ-
entiation of these cells (51). Notch1 and Notch2 were reported
to inhibit granulocytic differentiation (4, 52). In T cells, Notch1
affects the choice between CD4 and CD8 cells and between
alpha/beta versus gamma/delta T-cell lineages (58, 71). Re-
cently it was shown that Notch signalling is critically involved in
the maturation of thymocytes (13, 56a). Until now, nothing has
been known about Notch signaling in B cells.

EBNA2 is involved in activation processes of B cells by
upregulating the B-cell activation markers CD21 and CD23.
Concomitantly with the upregulation of CD21 and CD23, ex-
pression of Igm is downregulated. Since both EBNA2 and
activated Notch interact with the transcription factor RBP-Jk,
leading to gene activation, it was of interest to see whether an
activated Notch receptor can induce the same phenotypic
changes in B cells as EBNA2. Therefore, we stably transfect-
ed an expression vector coding for a Notch-IC–estrogen recep-
tor (ER) fusion protein in EBV-positive but EBNA2-nega-
tive Burkitt’s lymphoma cell lines and examined whether the
EBNA2-regulated cellular (CD21, CD23, and Igm) and viral
(LMP1 and LMP2A) genes are also regulated by Notch-IC.
We show here that Notch1-IC is active in B cells and partici-
pates in gene regulation in a manner very similar but not
identical to that of EBNA2.

MATERIALS AND METHODS

Cell lines and culture conditions. The cell line BL41-P3HR1 was obtained
after infection of the EBV-negative Burkitt’s lymphoma cell line BL41 with the
P3HR1 strain of EBV (9). HH514 is a single-cell clone of P3HR1 (56). The cell
line BL41-P3HR1-5E was obtained after stable transfection of BL41-P3HR1
cells with a plasmid encoding an ER-EBNA2 fusion protein (33).

The cell lines were grown in RPMI 1640 medium supplemented with 10% fetal
calf serum, 2 mM glutamine, 1 mM sodium pyruvate, penicillin (100 U/ml), and
streptomycin (100 mg/ml). For induction of Notch-IC and EBNA2, b-estradiol
was added to the cell culture medium at a final concentration of 1 mM. All cell
lines were incubated at 37°C in an atmosphere of 5% CO2 and diluted 1:3 with
fresh medium twice a week.

Plasmid constructs. The mouse (m) Notch1-IC–ER expression plasmid was
generated by ligation of a KpnI/ApaII fragment of the pSG5 mNotch1-IC ex-
pression vector (28) with a KpnI/BamHI fragment of the c-Myc-ER expression
plasmid HH275-3 (26). The ApaII and BamHI sites were refilled with Klenow
polymerase.

The LMP1 promoter-luciferase construct LMPluc0 has been described by
Laux et al. (42), the LMP2A promoter luciferase construct pTP1(-804) has been
described by Zimber-Strobl et al. (77), and the RBP-Jk multimer luciferase
construct Ga 981-16 has been described by Strobl et al. (60).

Stable transfection. BL41-P3HR1 and HH514 cells were transfected by elec-
troporation using a Bio-Rad gene pulser at 960 mF and 250 V. After transfection,
the cells were seeded in 96-well flat-bottom plates and selected in RPMI medium
supplemented with hygromycin B (150 mg/ml), antioxidant mix (7, 18), and
HEPES buffer (1%).

Transient transfection. Electroporation was carried out as described previ-
ously (77), with slight modifications. Cells were electroporated in RPMI 1640
medium without fetal calf serum at room temperature; 500 ml of fetal calf serum
was added to the cells immediately after electroporation. Cells were resuspended
in 10 ml of prewarmed RPMI 1640 containing 10% fetal calf serum and standard
supplements.

Luciferase assays. Cells were harvested and lysed as described previously (49).
Ten microliters of each probe was mixed with 150 ml of test buffer (25 mM
glycylglycine [pH 7.8], 5 mM ATP, 15 mM MgSO4) on a 96-well plate. After
addition of 100 ml of 11 mM luciferin in 0.5 M Tris-HCl (pH 7.8) to each
reaction, the bioluminescence in relative light units (RLU) was measured with a
Micro Lumat LB 96 P (Berthold, Wildbach, Germany). The RLU values were
subsequently standardized by the protein concentrations of the corresponding
cell lysates.

Protein immunoblots. For Western blot analysis, cellular extracts were pre-
pared by sonification in H8 lysis buffer (20 mM Tris [pH 7.0], 2 mM EGTA,
2 mM EDTA, 6 mM b-mercaptoethanol, 50 mM NaF, 100 mM NaCl, 1% sodium
dodecyl sulfate [SDS]). Protein concentrations were determined, and equal
amounts of protein separated on an SDS–10% polyacrylamide gel. Proteins were
transferred onto nitrocellulose filters (Amersham Hybond ECL), and the filters

were incubated with an antibody raised against the ER binding domain (Di-
anova, Hamburg, Germany). Immunoreactive proteins were detected by perox-
idase-coupled secondary antibodies and enhanced chemoluminescence (ECL
system; Amersham).

Northern blot analysis. Northern blot analysis was performed as described
previously (30). As radioactive probes, the following DNA fragments were used:
(i) for LMP1, a 1.5-kb XhoI/Xba fragment of the LMP1 gene; (ii) for LMP2A, 2.0
kb of cDNA (76); (iii) for CD21, 1.6 kb of cDNA (74); (iv) for c-Myc, a 1.3-kb
EcoRI/HindIII fragment of the c-myc cDNA (1); (v) for Igm, a 1.2-kb EcoRI-
EcoRI fragment of the constant region (15).

Signal intensities were determined by high-resolution scanning of the autora-
diographs and subsequent quantification with the software TINA (Fujix BAS
1000 system; Fuji). Signal intensities of one blot were standardized by dividing all
determined data by the one with the lowest measurable intensity. Lanes marked
with a minus displayed no detectable signal (background level).

FACS (fluorescence-activated cell sorting) analysis. Cells (106) were incu-
bated with an excess of unlabeled mouse monoclonal antibodies recognizing
CD21, CD23, and surface IgM (sIgM; Dianova). Fluorescein isothiocyanate-
conjugated goat anti-mouse F(ab9)2 fragments (DAKO, Hamburg, Germany)
were used as secondary antibody for staining of positive cells. Dead cells were
identified and excluded from the analysis after propidium iodide staining (0.1
mg/ml). Samples were analyzed with a FACScan (Becton Dickinson).

RESULTS

Stable transfection of a conditional mNotch1-IC gene in
Burkitt’s lymphoma cells. To study whether Notch signaling
can induce expression of EBNA2-regulated genes, we have
stably introduced a cDNA coding for mNotch1-IC in estab-
lished B-cell lymphoma cell lines. Several studies have dem-
onstrated that truncated Notch molecules harboring only the
intracytoplasmic domain behave as constitutive active forms of
Notch (20, 44, 61). Therefore, expression of Notch-IC should
result in effects comparable to those induced after activation of
Notch by binding of its ligand Delta or Jagged. To be able to
analyze the same cell clone in the absence and presence of
activated Notch, we fused the carboxy terminus of Notch1-IC
with the ER hormone binding domain, rendering protein func-
tion dependent on the presence of estrogen. The mNotch1-
IC–ER fusion under transcriptional control of the simian virus
40 early promoter/enhancer was cloned onto an episomal oriP
vector encoding the gene for hygromycin phosphotransferase
(63). The P3HR1 virus-infected Burkitt’s lymphoma cell lines
BL41-P3HR1 and P3HR1 (subclone HH514) were transfected
with the mNotch1-IC–ER expression plasmid and selected by
hygromycin. Single-cell clones were analyzed for mNotch1-
IC–ER expression by immunostaining of Western blots with a
monoclonal antibody that recognizes an epitope within the ER
binding domain. Nineteen BL41-P3HR1 and 18 HH514 single-
cell clones were analyzed; of these, three and seven clones,
respectively, expressed the Notch1-IC–ER protein. In Fig. 1,
Notch1-IC–ER expression is shown in three positive (cl3, cl4,
and cl6) and two negative HH514 (cl5 and cl7) clones in the
presence of estrogen and in two positive BL41-P3HR1 clones
(cl31 and cl33) in the presence and absence of estrogen. The
antibody detected a protein with the expected molecular mass
of 110 kDa. The protein was absent in the untransfected cell
line BL41-P3HR1. Addition of estrogen for 48 h resulted in a
shift in the electrophoretic mobility, most likely due to post-
translational modification.

The stably introduced mNotch1-IC–ER transactivates a
multimerized RBP-Jk site dependent on the presence of estro-
gen. We have shown previously that in transient transfection
assays a promoter reporter gene construct carrying a multi-
merized RBP-Jk binding site can be transactivated by mNotch1-
IC (60). To analyze whether the stably introduced mNotch1-
IC–ER is functionally active, we transiently transfected the
promoter reporter gene construct containing the multimerized
RBP-Jk binding site into the mNotch1-IC–ER-expressing
BL41-P3HR1-NoER (cl31 and cl33) and HH514-NoER (cl3
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and cl6) clones and the corresponding parental cell lines BL41-
P3HR1 and HH514 and measured luciferase activities in the
presence and absence of estrogen. In parallel, BL41-P3HR1-
5E cells expressing ER-EBNA2, were transfected with the
same promoter reporter gene construct as a positive control.
As shown in Fig. 2, the promoter carrying the multimerized
RBP-Jk binding sites could be transactivated after activation of
the mNotch1-IC–ER by addition of estrogen. The activation of
the promoter reporter gene construct was dependent on the
presence of the RBP-Jk binding site (data not shown). Addi-
tion of estrogen to the parental cell lines HH514 and BL41-
P3HR1 did not influence promoter activity. Activation of the
ER-EBNA2 fusion protein resulted in an induction compara-
ble with the mNotch1-IC–ER protein. This indicates that the
mNotch1-IC–ER protein is functionally active in Burkitt’s lym-
phoma cells and can be regulated by estrogen.

mNotch1-IC activates the LMP1 promoter in a transient
transfection assay but induces endogenous LMP1 expression
only marginally. To analyze whether the stably introduced
mNotch1-IC–ER is also able to regulate EBNA2-regulated
viral promoters, an LMP1 promoter reporter gene construct
(LMPLuc0) was transfected in BL41-P3HR1-NoER cl31 and
cl33 and HH514-NoER cl3 and cl6. As a negative control, an
LMP1 promoter reporter gene construct without the EBNA2-
responsive region (LMPLuc9) was transfected (data not shown).
To exclude a direct influence of estrogen on LMP1 promoter
activity, the parental cell lines HH514 and BL41-P3HR1 were
transfected in parallel. The stably transfected mNotch1-IC–ER
protein could activate the LMP1 promoter about three- to
sevenfold after addition of estrogen provided that the EBNA2-
responsive region was present (Fig. 3A). In comparison, acti-
vation of the ER-EBNA2 fusion protein (cell clone BL41-
P3HR1-5E) led to an about sixfold increase of the luciferase
activity. Addition of estrogen to the parental cell lines had no
effect on LMP1 promoter activity. These data suggest that
mNotch1-IC is able to induce the LMP1 promoter.

We next examined whether the endogenous LMP1 gene is
induced by Notch-IC. To this end, we performed Northern blot
analysis for LMP1 RNA in the presence and absence of estro-
gen. As shown in Fig. 3B, mNotch1-IC–ER was not able to
induce LMP1 RNA in BL41-P3HR1 cl31 and cl33. The LMP1
transcript could, however, be weakly visualized after activation
of the ER-EBNA2 protein. LMP1 transcription was signifi-
cantly lower in the ER-EBNA2-transfected Burkitt lymphoma
cell line BL41-P3HR1-5E than in the lymphoblastoid cell line

ER/EB2-5, which also harbors an ER-EBNA2 fusion protein.
This is in accordance with our previous results which showed
that LMP1 in BL41-P3HR1 cells could not be induced by
EBNA2 to a level comparable to that in EBV-immortalized
lymphoblastoid cell lines (11). LMP1 has been reported to be
expressed in P3HR1 cells even in the absence of EBNA2 at
a very low level (11a). Therefore, we next examined whether
mNotch1-IC is able to induce LMP1 transcription in the
Notch-ER-transfected P3HR1 subclone HH514. RNA was
prepared from cells cultivated without or with estrogen (for
activation of mNotch1-IC) and without or with cycloheximide
(for RNA stabilization). Without cycloheximide treatment,
LMP1 RNA was detectable only after long exposure and at
similar amounts in untreated and estrogen-treated cells (data
not shown). After cycloheximide treatment, a significant
increase in the amount of LMP1 RNA became visible after
activation of the mNotch1-IC–ER fusion protein (Fig. 3C).

mNotch1-IC induces the LMP2A promoter and upregulates
expression of the endogenous LMP2A gene. EBNA2 induces
not only LMP1 but also LMP2A transcription. Therefore, we
examined whether Notch-IC can activate the viral LMP2A
gene. First we tested whether the LMP2A promoter can be
transactivated by Notch1-IC–ER. The LMP2A promoter lucif-
erase construct TP1luc/-804 was transiently transfected into
the parental cell lines HH514 and BL41-P3HR1, into HH514-
NoER cl3 and cl6 and BL41-P3HR1-NoER cl31 and cl33, and
into the ER-EBNA2 fusion protein-expressing cell clone
BL41-P3HR1-5E. Luciferase activity was determined in the
presence and absence of estrogen (Fig. 4A). In all Notch1-IC–
ER- and ER-EBNA2-expressing cell clones tested, the LMP2A
promoter could be efficiently transactivated by addition of es-
trogen, whereas in the parental cell lines no induction was
seen.

To examine whether transcription of the endogenous viral
LMP2A gene is induced by Notch1-IC, RNA was prepared

FIG. 1. Expression of a Notch1-IC–ER fusion protein in BL41-P3HR1 and
HH514 cells. Extracts from hygromycin-resistant single-cell clones derived after
transfection of HH514 (A) and BL41-P3HR1 (B) cells with a plasmid encoding
an mNotch1-IC–ER fusion protein were separated by gel electrophoresis, West-
ern blotted, and analyzed by immunostaining with a monoclonal antibody specific
for an epitope within the hormone binding domain of the ER. Extracts were
prepared from HH514-NoER cl3 to cl7 cultivated in the presence of estrogen
and from BL41-P3HR1-NoER cl31 and cl33 grown in both the absence and
presence of estrogen. An extract from the untransfected BL41-P3HR1 cell line
was included as a control. The arrow head marks the position of the band specific
for the mNotch1-IC–ER fusion protein.

FIG. 2. Activation of a promoter reporter construct containing a multimer-
ized RBP-Jk binding site by an mNotch1-IC–ER fusion protein in the presence
of estrogen. Cells from the parental cell lines HH514 and BL41-P3HR1 and from
two HH514-NoER and two BL41-P3HR1-NoER clones, which have been shown
to express the mNotch1-IC–ER fusion protein (Fig. 1), were transiently trans-
fected with a promoter reporter construct containing a multimerized RBP-Jk
site. As a positive control, a single-cell clone derived from BL41-P3HR1 express-
ing an ER-EBNA2 fusion protein (BL41-P3HR1-5E) was included in the exper-
iment. After transfection, each cell suspension was divided in two parts and
cultivated with and without estrogen for 2 days. Subsequently luciferase activities
(RLU) were determined. The bars represent arithmetic mean values of the
promoter activation by estrogen (RLU with estrogen/RLU without estrogen)
from at least three (two for parental cell lines) independent experiments. Positive
standard deviations are indicated by lines.
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from HH514-NoER cl6 cells, untreated and treated with es-
trogen for 15 and 48 h. To stabilize LMP2A transcripts, RNA
of cells treated with cycloheximide was prepared in parallel.
Cell clones of BL41-P3HR1 could not be included in this
analysis because the viral genome is integrated into the cellular
genome through the terminal repeats and therefore a func-
tional transcription unit is not created in this cell line (29, 76).
Analysis of the HH514-NoER clones (Fig. 4B) showed that
addition of estrogen led to low but significant induction of
LMP2A transcription. Levels of LMP2A RNA were higher
after 48 h than after 15 h of estrogen treatment. As described
before (76), cycloheximide treatment stabilized the LMP2A

RNA and thus facilitated the interpretation of the induction
experiment.

mNotch1-IC upregulates expression of CD21 but not CD23
on the cell surface and transcriptionally regulates CD21. To
see whether mNotch1-IC can induce the same phenotypic
changes as EBNA2, we analyzed CD21 and CD23 expression
in the mNotch1-IC–ER-expressing BL41-P3HR1-NoER cl31

FIG. 3. The stably expressed mNotch1-IC–ER fusion protein induces the
LMP1 promoter in an estrogen-dependent manner. (A) Cells from two HH514-
NoER clones, two BL41-P3HR1-NoER clones, and the parental cell lines were
transiently transfected with an LMP1 promoter-luciferase construct. As a posi-
tive control, a single-cell clone derived from BL41-P3HR1 cells expressing an
ER-EBNA2 fusion protein (BL41-P3HR1-5E) was included in the experiment.
After transfection, cells were cultivated in the presence or absence of estrogen.
Luciferase activities were determined as RLU 2 days after transfection. The bars
represent arithmetic mean values of the promoter activation by estrogen (RLU
with estrogen/RLU without estrogen) from at least three (two for parental cell
lines) independent experiments. Positive standard deviations are indicated by
lines. (B) The endogenous LMP1 mRNA expression was analyzed by Northern
blotting. The cell lines indicated were cultivated in parallel with and without
estrogen. RNAs were separated, blotted, and hybridized with a probe specific for
LMP1. (C) The LMP1 mRNA expression of one single HH514-NoER clone
(clone 6) was analyzed by Northern blotting in the presence and absence of
estrogen and cycloheximide (CHX) as indicated. (B and C) The intensities of the
LMP1 signals were quantified and standardized (the weakest measurable signal
was set to 1) and are listed below the blots. As a control for RNA quantity and
integrity, the ethidium bromide-stained RNA gels are shown.

FIG. 4. The stably expressed mNotch1-IC–ER fusion protein induces
LMP2A transcription in an estrogen-dependent manner. (A) Cells from two
HH514-NoER clones, two BL41-P3HR1-NoER clones, and the parental cell
lines were transiently transfected with an LMP2A promoter-luciferase construct.
A single-cell clone derived from BL41-P3HR1 expressing an ER-EBNA2 fusion
protein (BL41-P3HR1-5E) was included as a positive control. After transfection,
each cell suspension was divided in two parts and cultivated with and without
estrogen for 2 days. Subsequently luciferase activities (RLU) were determined.
The bars represent arithmetic mean values of the promoter activation by estro-
gen (RLU with estrogen/RLU without estrogen) from at least three (two for
controls) independent experiments. Positive standard deviations are indicated by
lines. (B) Endogenous LMP2 mRNA expression was analyzed by Northern
blotting. ER/EB2-5 cells were cultivated in the presence (1) or absence (2) of
estrogen for 4 days. HH514-NoER cells were routinely kept without estrogen.
The mNotch1-IC–ER fusion protein was induced by addition of estrogen for 15
or 48 h. Where indicated, cells were grown in the presence of cycloheximide
(CHX) for 16 h. RNAs were prepared, separated on a 1% agarose gel, blotted,
and hybridized with a probe specific for LMP2. Bands specific for LMP2A and
LMP2B are marked by arrowheads. The band marked by the square might
represent an antisense transcript. The intensities of the LMP2A signals were
quantified and standardized (the weakest measurable signal was set to 1) and are
listed below the blot. As a control for RNA quantity and integrity, the ethidium
bromide-stained RNA gel is shown at the bottom.
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and cl33 by flow cytometric (FACS) analysis before and after
addition of estrogen. BL41-P3HR1-5E cells expressing the
ER-EBNA2 fusion protein and BL41-P3HR1 cells were used
as positive and negative controls, respectively. Activation of
mNotch1-IC as well as EBNA2 revealed a significant increase
in the expression of CD21 on the cell surface. However, in
contrast to EBNA2, mNotch1-IC was not able to activate ex-
pression of CD23 (Fig. 5A).

To see whether CD21 induction by mNotch1-IC is regulated
at the RNA or the protein level, Northern blot analysis was
performed with RNAs of the mNotch1-IC–ER- and EBNA2-
ER-expressing BL41-P3HR1 cell clones grown in the presence
and absence of estrogen. As shown in Fig. 5B, mNotch1-IC
clearly induced an increase in the CD21 RNA levels. The
results were in good agreement with those observed by FACS
analysis. Cl 31, with higher mean fluorescence after addition of
estrogen, revealed also a higher amount of CD21 RNA com-
pared to cl33. These results indicate that mNotch1-IC induces
expression of CD21 but not of CD23.

mNotch1-IC downregulates Igm and c-myc in Burkitt’s lym-
phoma cells. We have shown previously that EBNA2 is able to
downregulate Igm (30). To see whether mNotch1-IC can also
negatively regulate Igm expression, we determined the amount
of IgM on the cell surface of BL41-P3HR1 cells transfected
with mNotch1-IC–ER (cl31 and cl33) in the presence and
absence of estrogen by FACS analysis. BL41-P3HR1-5E cells
expressing the ER-EBNA2 fusion protein and BL41-P3HR1
cells were used as positive and negative controls, respectively.
As shown in Fig. 6A, mNotch1-IC was also able to downregu-
late IgM on the cell surface significantly.

In Burkitt’s lymphoma cells carrying a t(8;14) translocation,
the proto-oncogene c-myc is activated by juxtaposition to Igm.
We have shown previously that in Burkitt’s lymphoma cells
with t(8;14) translocations EBNA2 downregulates c-myc ex-
pression concomitantly with Igm, presumably by interacting
with the heavy-chain immunoglobulin enhancers (30). It was
thus obvious to ask whether mNotch1-IC downregulates Igm as
well as c-myc expression in Burkitt’s lymphoma cells. Northern
blot analysis was performed with RNAs of BL41-P3HR1-
NoER cl31 and cl33 cells. RNA of the ER-EBNA2-transfected
cell clone BL41-P3HR1-5E was analyzed as a positive control.
The filters were hybridized with radioactive probes specific for
Igm and c-myc (Fig. 6B and C). Igm RNA expression clearly
correlated with the FACS data. RNA levels were significantly
lower in the presence than in the absence of estrogen, indicat-
ing that Notch1-IC as well as EBNA2 downregulated Igm at
the transcriptional level. Like the Igm levels, c-myc RNA levels
decreased by addition of estrogen in the NoER and in the
ER-EBNA2-expressing cell clones, indicating that in Burkitt’s
lymphoma cells with the c-myc gene juxtaposed to the IgH
locus by a t(8;14) translocation, c-myc expression is negatively
coregulated with Igm by Notch1-IC as well as EBNA2.

DISCUSSION

Both EBNA2 and the activated form of the Notch receptor
(Notch-IC) interact with the transcription factor RBP-Jk, lead-
ing to gene activation. Therefore, the viral protein EBNA2 can
be regarded as a functional equivalent of an activated Notch
receptor. EBNA2 is absolutely necessary for initiation and
maintenance of B-cell immortalization by EBV. In Burkitt’s
lymphoma cells, EBNA2 can induce characteristic phenotypic
changes like upregulation of CD21 and CD23 and the down-
regulation of IgM. Additionally, expression of the viral mem-
brane proteins LMP1 and LMP2A is dependent on the pres-

FIG. 5. Notch1-IC upregulates CD21 but not CD23 in stably transfected BL
cells. (A) CD21 and CD23 expression was analyzed in the cell lines indicated by
flow cytometry before (dotted line) and after (thick line) treatment with estrogen
for 48 h. (B) Endogenous CD21 mRNA expression was analyzed by Northern
blotting. RNAs were prepared from the cells indicated which had been cultivated
in the absence (2) or presence (1) (48 h) of estrogen. RNAs were separated,
blotted, and hybridized with a probe specific for CD21. The intensities of the
CD21 signals were quantified and standardized (the weakest measurable signal
was set to 1) and are listed below the blot. As a control for RNA quantity and
integrity, the ethidium bromide-stained RNA gel is shown at the bottom.
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ence of EBNA2 in immortalized B cells. If in fact EBNA2
mimics an activated Notch receptor, it may be postulated that
Notch-IC can induce phenotypic changes in B cells similar to
those induced by EBNA2. To test this hypothesis, we trans-
fected mNotch-IC–ER) in the EBNA2-negative P3HR1-EBV-
infected Burkitt’s lymphoma cell lines BL41-P3HR1 and
HH514. A Notch-IC–ER fusion protein was used to rule out
artifacts due to clonal selection, allowing analysis of the same
cell clone in the presence and absence of a functional Notch-IC
protein. This paper deals with the effect of activated Notch on
viral as well as cellular genes in B cells.

First, we studied the expression of the viral LMP1 and
LMP2A genes. In the absence of EBNA2, the LMP1 promoter
is inactive in BL41-P3HR1 cells and has very low basal activity
in HH514 cells. In both cell lines, Notch-IC was not able to
induce LMP1 transcription to a detectable level. This finding
was in variance to transient transfection assays in which the
LMP1 promoter was clearly induced by activated Notch (27).
The inability of Notch1-IC to induce LMP1 expression after
stable transfection is reminiscent to the situation in EBNA2-
transfected P3HR1 virus carrying BL cell lines (11). Although
it is well established that the LMP1 promoter is positively
regulated by EBNA2 in B cells, we have been unable to dem-

onstrate induction of the endogenous LMP1 gene after stable
transfection of the EBNA2 gene into BL41-P3HR1 cells (11)
presumably because the LMP1 promoter is rendered unre-
sponsive to EBNA2 by methylation. To amplify the effect of
Notch-IC–ER, we studied induction of the endogenous LMP1
gene in stably transfected HH514 cells after addition of estro-
gen and cycloheximide and found that LMP1 induction by
Notch-IC–ER can in fact be visualized under these conditions.
Most likely, induction of LMP1 by Notch1-IC is very weak and
can be visualized only if degradation of LMP1 RNA is inhib-
ited by cycloheximide.

In contrast to LMP1, endogenous LMP2A was clearly in-
duced by Notch-IC. The increase of LMP2A RNA was low
after 15 h and higher after activation of Notch-IC for 48 h.
Cycloheximide treatment dramatically increased induction of
LMP2A RNA, indicating that Notch-IC acts directly on the
LMP2A promoter and that the short-lived LMP2A RNA is
stabilized by cycloheximide. The observation that Notch-IC
can induce LMP2A transcription in B cells may be relevant for
EBV latency in vivo as well as for the role of EBV in the
development of Hodgkin lymphomas. It has been shown that
EBV persists in memory B cells (3) and that stimulation of the
B-cell receptor is able to break latency and induce the lytic

FIG. 6. In Burkitt’s lymphoma cells, both Igm and c-myc are transcriptionally downregulated by the estrogen-activated mNotch1-IC–ER fusion protein. (A) sIgM
expression was analyzed in the cell lines indicated by flow cytometry before (dotted line) and after (thick line) treatment with estrogen for 48 h. Endogenous Igm (B)
and c-myc (C) mRNA expression was analyzed by Northern blotting. Cell lines were cultivated without (2) or with (1) estrogen for 48 h. RNAs were separated, blotted,
and hybridized with probes specific for the Igm or c-myc. The intensities of the Igm and c-myc signals were quantified and standardized (the weakest measurable signal
was set to 1) and are listed below the blots. As controls for RNA quantity and integrity, the ethidium bromide-stained RNA gels are shown at the bottom. In the c-myc
blot, RNA quantity of the BL41-P3HR1-5E control (2 and 1 estrogen) was reduced ;2-fold compared to the other cell lines.
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cycle of the virus (66). Furthermore, it has been shown that
LMP2A expression can block induction of the lytic cycle after
cross-linking of the immunoglobulin receptor (50). LMP2A
appears to be expressed in germinal center cells (D. A. Thor-
ley-Lawson et al., personal communication) and may be the
only viral gene expressed in latently infected B cells in vivo (53,
55a). LMP2A, potentially induced by activated Notch, may
block induction of the lytic cycle by antigen and drive EBV-
infected cells into the memory compartment or prevent them
from leaving the memory compartment by viral reactivation.
Additionally, LMP2A is expressed in EBV-positive Hodgkin
lymphoma cells (12). Hodgkin lymphoma is a tumor of the
centrocytic stage of B-cell differentiation. The majority of
Hodgkin Reed-Sternberg (HRS) cells have lost the ability to
code for B-cell receptor (BCR) complexes due to stop codons
within the variable regions of immunoglobulins (5, 31). Nor-
mally, receptorless B lymphocytes are rapidly eliminated by
apoptosis (40). LMP2A expression, presumably through its
ITAM signaling motifs (46), was recently shown to inhibit the
elimination of receptorless cells (8). In both HRS and memory
B cells, LMP2 is expressed independently of EBNA2 by mech-
anisms currently not understood. Notch signaling may be the
underlying mechanism leading to induction of LMP2A in la-
tently infected normal B cells or HRS cells.

In addition to the viral genes, we have studied the modula-
tion of known EBNA2-regulated cellular genes through Notch-
IC. We could show that Notch-IC upregulates CD21 expres-
sion and downregulates sIgM as has been shown for EBNA2.
However, in contrast to EBNA2, Notch-IC was not able to
upregulate CD23 expression. The observation that Notch-IC
regulates sIgM and CD21 expression raises the question of
whether Notch may play a physiological role during B-cell
activation. Signals from the BCR and CD21 are involved in the
early activation of naive B cells and in selection processes in
the germinal center. The human complement receptor 2
(CD21) is complexed with CD19 and CD81 and acts as a BCR
coreceptor enhancing signals from the BCR (67). Simulta-
neous ligation of CD19-CD21 and membrane immunoglobulin
in vitro lowers the threshold required for signaling through the
BCR (14, 54). Therefore, engagement of CD21 on B cells
seems to be important if suboptimal concentrations of antigen
are present or if the affinity of antibody is low. In the germinal
center, signals from the CD21 receptor seem to contribute to
the survival of B cells (19). Activation of Notch during B-cell
development might physiologically modulate B cell receptor-
CD21 signaling.

We have shown previously that in Burkitt’s lymphoma cells
carrying a t(8;14) translocation, the c-myc gene is downregu-
lated by EBNA2, most likely by elements regulating immuno-
globulin heavy-chain expression. Here we have shown that
Notch-IC can also downregulate Igm and c-myc gene expres-
sion in the Burkitt’s lymphoma cell line BL41-P3HR1. We
have been unable, however, to identify the cis-acting elements
involved in this regulation in transient transfection experi-
ments using the IgH intron as well as 39 enhancer. We have
also not found RBP-Jk binding sites in the IgH enhancers
which might mediate this effect.

In summary, we have shown that Notch1-IC shares many of
the properties of EBNA2 and induces a similar although not
identical set of target genes in B cells as EBNA2. The next
question is whether Notch-IC can substitute for EBNA2 in
B-cell proliferation by EBV. Experiments are under way to
address this important question.
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